In the Ionian Sea (Central Mediterranean) the slow convergence between Africa and Eurasia results in the formation of a narrow subduction zone. The nature of the crust of the subducting plate remains debated and could represent the last remnants of the Neo-Tethys ocean. The origin of the Ionian basin is also under discussion, especially concerning the rifting mechanisms as the Malta Escarpment could represent a remnant of this opening. This subduction retreat toward the south-east (motion occurring since the last 35 Ma) but is confined to the narrow Ionian Basin. A major lateral slab tear fault is required to accommodate the slab roll-back. This fault is thought to propagate along the eastern Sicily margin but its precise location remains controversial.
about 7 to 5 km thick to the east. The authors interpret the Malta Escarpment as a divergent continental margin formed during the early Mesozoic and reactivated during the Miocene.
Within the basin the thin crust was interpreted to be of oceanic origin.
The crust at the Ionian Abyssal Plain (IAP) was studied using Expanding Spread Profiles (ESP) (de Voogd et al., 1992; Le Meur, 1997) . Modeling results show a 5 km thick sedimentary cover overlying a crust of only 7 to 9 km thick. The depth of the Moho is observed at 16 to 18 km beneath the IAP and the mantle layer is characterized by a high Pwave velocity of 8.5 km/s. One study based on teleseismic P-and S-wave arrivals (D'alessandro et al., 2016) and another based on MCS, potential field (gravity, magnetics) and geochemical data analysis, (Polonia et al, 2017) have proposed the presence of a broad area of serpentinised mantle material beneath the Ionian Sea region, producing numerous serpentinite diapirs. These authors propose that the origin of this basement might be inherited from Mezosoic rifting and spreading fabric possibly reactivated by recent subduction processes.
A band of layered high amplitude reflections near the base of the crust was imaged by seismic data in the western Ionian Sea and proposed to be related to volcanic activity in this region (Cernobori et al., 1996; Nicolich et al., 2000) . The authors interpret the region as a passive margin and suggest the presence of oceanic crust in the basin. Moreover, this work also identified a major fault, now called the Alfeo fault system (AFS) (Gutscher et al.,   2016) , east of the Malta Escarpment (Figure 1 ). This fault system clearly affects all sedimentary layers as well as the crust, likely reaching the upper mantle.
Based on the interpretation of multichannel seismic (MCS) reflection lines, the Timpe faults, located on the eastern flank of Mount Etna in the southern prolongation of the Taormina line (Figure 1) , are linked to steep active normal faults located offshore Catania and Augusta and affect the Malta Escarpment (Hirn et al., 1997; Chiocci et al., 2011; Palano, 2016) . In later studies based on bathymetric mapping and high-resolution seismic reflection lines, the faults were observed to continue offshore (Gross et al., 2016) and possibly link to the major fault zone observed at the AFS (Gutscher et al., 2016) . This major lithospheric scale fault is interpreted as the expression of a lateral slab tear fault (Gutscher et al., 2017) .
Results from 3-D teleseismic tomography reveal the downgoing Calabrian slab as a structure extending 350 km laterally from northern Sicily to southern Campania and 400 km vertically (Cimini, 1999) . More refined mantle tomography revealed a 150 km wide slab window beneath the southern Apennines (Chiarabba et al., 2008) . The results suggest that the subducting lithosphere remains undetached only for a 100 km long segment along the central portion of the Calabrian arc (Neri et al., 2009; . The existence of a proposed STEP fault (Govers and Wortel, 2005 
Objectives of the study

Origin of the Ionian basin
The first question evoked in this paper is the origin of the Ionian basin and its implication on the geodynamic processes. It is generally accepted that the Ionian basin was created during the Pangea breakup at the end of the Paleozoic or in the early Mesozoic (Current day SE France and E spain) provoked the detachment of the AlKaPeCa continental terranes from the European plate and their migration towards the south and south-east during the last 35 Ma. Since the late Miocene (8 Ma) the roll-back movement reached the Ionian basin with its particular situation of being a narrow oceanic domain located between two continental ones (Africa with Sicily to the west and SW and Apulia to the N-E). Because of the particular tectonic setting, one or more slab segmentation and major lithospheric faults have been proposed to accommodate the subduction of the very narrow oceanic domain and the slab roll-back. This mechanism is considered to represent a STEP fault accommodating the roll-back of the subduction along its edge (Govers and Wortel, 2005; Rosenbaum et al., 2008; Gallais et al., 2013) . Although most authors agree on the existence of such a STEP fault in the western part of the basin, its exact location remains the object of debate.
Today three hypotheses exist for the location of the STEP fault. According to the first one, the STEP fault is situated at the foot of the Malta Escarpment, mainly because the escarpment represents the dominant morphological structure of the basin. Also several recently active faults oriented NNW-SSE and an uplift of a 20-30 km wide region were observed at the foot and east of the Malta Escarpment in seismic reflection profiles (Argnani and Bonazzi 2005) .
The second hypothesis considers the IFS as the STEP fault location. The IFS is described as a major crustal-scale fault zone between the two lobes (Eastern and Western) of the accretionary wedge. It was identified from seismic reflection profiles and complementary morpho-bathymetric studies (Polonia et al., 2011 (Polonia et al., , 2016 .
The third hypothesis also based on swath bathymetric and seismic reflection observations places the STEP fault along the AFS ( Gallais et al., 2013 , Gutscher et al., 2016 Schiano et al., 2001) . In this context it is important to keep in mind that the propositions of the location of the fault were made based on surface and shallow subsurface data (reflection seismic and swath bathymetry data). They image a deformation zone by combination of normal and strike-slip faults, that might correspond to a deep lithospheric
Wide-angle seismic data acquisition
In order to answer the questions regarding the deep structure and the nature of the crust in the Ionian basin, we acquired regional WAS (Figures 2 to 5) and MCS data during the DIONYSUS experiment together with bathymetric swathmapping data.
The DIONYSUS project
This DIONYSUS project was a collaboration of four institutes: the University of Western Brittany (Brest, France), Geomar (Kiel, Germany), Ifremer (Brest, France) and INGV (Rome, Italy). The survey took place in October 2014 aboard the R/V Meteor, cruise M111. Five profiles were acquired during the survey: two of them are perpendicular to the Eastern Sicily margin (DYP1 and DYP3), one in the Ionian Abyssal Plain (DYP5), a line crossing these three in a NW-SE direction (DYP4) and a short line (DYP2) on the Eastern lobe of the accretionary wedge (Figure 1) . This work will focus on the two marginperpendicular profiles, DYP3 in the north and DYP1 in the south. Geomar for a total of 52 instruments. Along both profiles the instrument spacing was 6 km.
The OBS used in the experiment were 32 MicrOBS (+) from Sercel (Auffret et al., 2004) that include 3-component geophones that can record frequencies from 4.5 Hz to 1 kHz and one hydrophone that record from 4 Hz to 15 kHz at the same sampling rate. The OBH record only with a hydrophone (HTI-01-PCA hydrophone from HIGH TECH INC) (Bialas and Flueh, 1999) . The land stations on profile DYP3 were six REF TEK 130S-01 equipped with velocimeter sensors of short period Lennartz LE-3Dlite with a 1s dominant period. The sampling rate of the stations was set at 8 ms (Moretti et al., 2015) .
The seismic source used during the survey consisted of two sub-array of six GI-Guns from Sercel Marine Sources Division and Seismograph Services Incorporation. The twelve GI-Guns were operated simultaneously, they provided a volume of 84 liters (5440 cu.in) at ~190 bar. The shooting interval was set at 60 seconds for all profiles, resulting in a shot point distance of 150 meters at 5 knots.
Data quality and initial processing
Two OBS (7 and 16 of line DYP3) were lost during the cruise, but all other instruments provided relatively good quality data on both the geophone and hydrophone channels.
Arrivals are locally strongly attenuated due to an irregular salt layer in the Ionian basin. Also, the seismic energy is lost at offsets exceeding 40 km on the OBS data on some instruments, On the southern profile DYP1, the data of two OBS are missing (17 and 33 on line DYP1) due to malfunctioning of the instruments, however, the data quality on the rest of the profile is better than for the northern profile. The interpretation of the data from the OBS on the westernmost part of the profile (OBS 1 to 11) was difficult because of the shallow water depth (100 m) that led to strong reverberations in the seismic section. The OBS between 32 and 41 recorded a highly attenuated signal, probably because of the reworked sediments and the thick Messinian evaporitic layer (Figures 4 and 5) .
All of the stations were relocated using the direct arrival of the seismic shots, thus providing an exact position for each OBS along both profiles. The interpretation of the OBS data was done following the example shown in Figures 2 to 5. The data were picked on unfiltered record sections for the closest shots and using a band-pass filter, a deconvolution, an automatic gain control and spectral whitening for the larger offsets. A picking uncertainty was assigned to each phase, based on the data quality and offset, and is presented in Table 1 for both profiles and all phases.
Forward modeling
The data were modeled using the two-dimensional forward modeling module of the RAYINVR software (Zelt and Smith, 1992) . The code performs a combined forward raytracing and damped inversion modeling of wide-angle seismic data. The models are defined by layers defined at regular or irregular node-spacing and have associated velocities that can vary laterally. All parameters can be inversed either separately or together (for details on the calculation, model parametrization and modeling strategy see: Zelt, 1999) . The modeling process is performed by calculating theoretical arrivals from a two-dimensional starting velocity model that is manually adjusted to fit the picked OBS data P-waves travel-times, layer by layer and from the top to the bottom of the model. The quality of the fit is given by the RMS (Root Mean Square) travel-time residual and χ 2 error for all phases of each arrival (Table 1) . The seafloor layer is constrained by the bathymetric data acquired during the cruise. The velocity model is extended by 30 km on both ends and 10 km deeper than the zone covered by seismic rays to avoid side-effects. For velocity nodes, an iterative damped least squares travel-time inversion, from the RAYINVR software, was additionally used to improve data fitting.
For the model parametrization, a minimum structure/parameter approach was used to avoid inclusion of structures (or velocities) unconstrained by the data. Minimal lateral velocity changes were added, and only when required by the data. Each layer was added based on a reflection arrival in the data or because velocity gradients were needed to explain all of the arrivals on several different OBS data. Also, the 3 upper sedimentary layers were picked and extracted from the coincident reflection seismic data acquired during the cruise, that were converted into depth using velocities from the velocity model. 
Results
Southern DYP1 velocity model
The southern DYP1 profile comprises the same number of layers and can be subdivided into four different domains (E-H see Figure 7) . The E and F domains represent two parts of the Sicilian-Hyblean plateau with domain E representing its unthinned part and domain F corresponding to the Malta Escarpment. The remaining domains G and H are located in the basin, with domain G located at the foot of the escarpment and characterized by a slightly thicker crust than the rest of the basin which forms domain H. Both domains are separated by the AFS.
Sedimentary thickness in domain E is around 5 km, and three separate layers have been modeled. The velocities of these layers increases from 2.40 to 2.60 km/s for the first layer, and from 4.35 to 4.65 km/s for the deepest sedimentary layer. Along domain E crustal arrivals are modeled with two layers that are 15 km thick for the upper-crust with velocities between 6.00 and 6.40 km/s and 11 km thick for the lower-crust with velocities of 6.91 to 7.21 km/s. Sedimentary layer thickness at the Malta escarpment (Domain F) is around 2-3 km, lower than in Domain E. However, one additional layer was identified and characterized by velocities between 4.50 and 4.80 km/s and a thickness of 2-3 km. The sedimentary layer thickness increases to up to 7 km eastward in this domain. The two crustal layers here show rapid thinning from a combined thickness of 25 km to 10-12 km at the foot of the escarpment at a lateral distance of only 40 km. Along Domain G the sedimentary layer thickness increases to up to 8-10 km. Here, a velocity inversion has been modeled between the second layer, characterized by velocities between 4.30 and 4.60 km/s and the third layer with velocities between 3.20 and 3.60 km/s. This domain has been modeled by two distinct crustal layers having velocities between 6.20 and 7.00 km/s and a thickness of 8-10 km and a similar layer thickness of 4-5 km. The neighboring Domain H represents the deep basin with a sedimentary infill between 8 and 12 km thick, here separated into 4 layers. A velocity inversion similar to that of Domain G is modeled East of OBS 33. The highest sedimentary velocities of 4.8 km/s have been modeled in the center of the basin. Although the crust modeled in this domain H is similar to that of Domain G, but two main differences have been modeled. The crust is 1-2 km thinner, and the upper layer is distinctly thinner than the lower layer. Lower crustal velocities are slightly higher reaching up to 7.3 km/s. All mantle layer velocities were set to be constant between 8.10 km/s at the Moho interface and 8.40 km/s at the bottom of the model. Those velocities were chosen according to upper mantle arrivals (Pn) from 18 instruments recordings between the OBS 08 and the 51.
Error analysis
The resolution parameter is based on the number of rays passing a single velocity node (Figures 8d and 9d) . It is therefore dependent on the number of velocity nodes in each layer and can be used to avoid over-parameterization of the model (Zelt, 1999) . If a layer is constrained by one single velocity node, the resolution parameter will be 1. Nodes showing a resolution value greater than 0.5 are considered to be well constrained and a layer showing an overall resolution over 0.5 is considered as not over-parameterized. Where the model is constrained by reflection phases, the depth of each layer is well constrained (blue lines in Figures 8b and 9b) . The ray density provides the number of rays in each cell of the velocity model. Regions with high ray coverage are well constrained (Figures 8c and 9c) .
The synthetic seismogram analysis (Figure 2c to 5c) allows us to constrain the velocity gradients of all layers. The finite difference modeling code from the Seismic Unix package Stockwell, 1999 ) was used to calculate synthetic seismograms. The input velocity model was calculated from sampling the forward velocity model at a lateral 25 m interval and 10 m interval in depth. Overall, along both profiles the synthetic seismograms reproduce well the amplitudes and arrival times of the OBS data, showing that the velocity models take into account the majority of the observed phases.
On the DYP3 profile
The quality of the model is given by the difference between the modeled travel-times and those picked in the data. The DYP3 model explains 5910 picks out of 7367 picks identified from the data and their uncertainties are given in Table 1 These results can be explained by a lack of late arrivals on the OBS sections for theses domains, due to a low quality of the data at offsets greater than 40 km. Concerning the upper parts, the model is more robust due to a better ray coverage, as is attested by high hit-count values and resolution values exceeding 0.5.
On the DYP1 profile
The DYP1 model uses 19511 picks out of 23160 picks identified from the data and their uncertainties are summarized in Table 1 . The final RMS travel-time residual, between the model and the data, is 0.114 ms and the resulting normalized chi-squared is 1.721. The resolution of the southern velocity model is very good along the entire profile, meaning that the velocity/depth nodes used to define the model are justified and are covered by a high number of seismic rays (Figure 9 ). The reflections from the OBS data are well distributed along the profile for the sedimentary layers and the Moho interface. Due to the fact that the overlying layer is a high-velocity layer, the third sedimentary layer is constrained by refracted phases only. The fourth sedimentary layer is mostly constrained by reflected phases and few refracted phases, implying that its internal velocities are only partially constrained by the OBS data. This is due to the fact that the overlying layer has a higher velocity. The velocity 
Gravity modeling
The velocity model can be additionally constrained by gravity modeling. For this the relationship between seismic velocity and density can be used to calculate an expected gravity anomaly from the ensuing density model. The Gravmod software of Colin Zelt calculates trapezoids of constant density along each model layer from the velocity modeling associating a mean density from its velocity to each trapezoid using an empirical velocitydensity relationship (Ludwig et al., 1970) . This calculated anomaly can be compared to the free-air gravity anomaly obtained from satellite altimetry (Sandwell and Smith, 1997) . This technique can help to constrain the portions of the model that are not penetrated by WAS data. As the deeper mantle layer, which is not constrained by the velocity model, can affect the results of this method, this layer is set to 3.32 g/cm 3 density along the whole profile on both models. Also, to avoid edge effects all layers are extended by 30 km on both sides and have a maximum depth of 90 km.
Results for the DYP3 gravity profile
The results obtained for the northern DYP3 velocity model show a good fit between the free-air anomaly extracted from our density model and the gravity anomaly obtained by satellite altimetry (Bonvalot et al., 2012 -Figure 8a-b ). The gravity model provides better constraints on the deeper parts of the velocity model, especially for the eastern part of the model that is not well covered by seismic rays. Here, the results obtained by the gravity anomaly modeling are good and provide new constraints on the deeper part of the velocity model (Figure 8a-b) . The mantle layer was adjusted to fit the data at 30 km of model offset by a lower density of 3.30 g/cm 3 in agreement with the fact that it is a geological transition zone.
Results for the DYP1 gravity profile
On the southern profile (Figure 9a-b) , the fit between the gravity anomaly extracted from the model and the observed anomaly is less satisfactory using the empirical velocitydensity relationship only than along the northern profile. However, the large-scale features are well explained by our velocity model. In detail, the fit is moderate between 75 km and 120 km of offset along the profile and the discrepancy results from an excess of mass in our model. One explanation is that the method relies on the direct conversion of velocities into density. In the velocity model, this region corresponds to the thickest part of the shallow high-velocity layer that is interpreted by numerous studies to represent the Messinian evaporites (Nicolich et al., 2000; Gallais et al., 2011; Leprêtre et al., 2013; Gaillier et al.,   2009; Polonia et al., 2016,) . However, evaporites have high seismic velocities due to their crystalline structure, but low densities (de Voogd et al., 1992, Trippetta et al., 2010) so the direct conversion can then not be applied to this specific layer. The gravity anomaly was modeled again using a value of typical evaporite density (red value in Figure 9b ) and the results obtained provide a better fit where the evaporite layer is the thickest along the profile (Figure 9a) . The remaining misfit cannot be explained by the presence of evaporites along the model and probably is due either to regional density variations in the mantle which cannot be explained by our velocity model or alternatively may be caused by three dimensional
Discussion
In the sections below, we discuss the implications of our results for the opening of the basin, the crustal nature and the location of the STEP fault. al., 2013) . Based on the seismic velocities of these layers, an alternate hypothesis can be that they consist of carbonate deposits belonging to the Calabrian backstop. However, our preferred conclusion concerning these layers is that they are evaporitic sediments as interpreted previously from MCS data ( Figures 5 and 6 of Polonia et al., (2016) ). As the evaporites were deposited in the deeper part of the basins, the absence of evaporites along most of the northern profile can be explained by its shallower bathymetrical position.
In domains A and D, the crustal thicknesses are modeled to be 29 km and 26 km, respectively, and are characterized by low velocity gradients indicating the presence of continental crust. They correspond to the Sicilian and the Calabrian continental domains. It can be observed that the upper crustal layer of the Calabrian domain is highly deformed (domain D). The slab roll-back may have deformed and fractured the crust in this region, which can explain the relatively low velocities in the upper crustal layer. The lack of information coming from the WAS on the lower-crust of the Calabrian domain (D) do not allow us to extrapolate an origin for its velocities and thicknesses.
Based on the seismic velocities and geometry of the domain B, the Malta Escarpment is interpreted as a zone of abrupt crustal thinning. Its structure shares close similarity to other transform margins, especially very strong thinning over a lateral distance of only 40 km (see part 6.3; Mercier de Lépinay et al., 2016). Regarding the sedimentary basin edges, thinning at the Malta Escarpment is greater than along the Calabrian western edge but less steep ( Figure 6 domain B and C) . We propose that the Malta Escarpment is related to the original opening of the Tethys Ocean and the later influence of a STEP fault in this region, both of which will be discussed in more detail in a later section.
The crust located in domain C is interpreted as a two layered thinned continental crust based on the low velocity gradients and comparison to velocity depth profiles from typical oceanic and continental crust (Figure 6) (White et al., 1992; Christensen and Mooney, 1995) . But regarding only the internal velocities, the first layer of this crust could also be interpreted as a high-velocity sedimentary layer (Figure 6, green layer of domain D) , similarly to the one imaged on the southern profile (see part 6.2). Following this hypothesis, high amplitudes of reflected and refracted phases should be found in the next deeper interface as is generally observed at the interface between the sedimentary and the upper-crustal layers, which is not the case here. The major reflected and refracted phases are observed at the top of the high-velocity layer (from 5.0 to 5.4 km/s of the domain C) even if they are attenuated by the thickness of the overlying low velocity layers (Figure 3a-b where the strong uppercrustal refraction corresponds to the continuity of this high-velocity layer). Moreover, in comparison to the southern high-velocity sedimentary layer, the northern one shows higher velocities (5.0-5.4 km/s to the north compared to 4.5 to 4.8 km/s to the south). These differences cannot be explained by the compaction of already lithified sediments. This layer shares more similarities, in terms of velocities, with the upper-crust of the Calabrian continental domain D than with the Sicilian domain A. A less pronounced similarity is observed for the lower-crustal layer where the velocities and gradients of the thinned crust of domain C are more homogeneous in the Calabrian domain than the Sicilian (6.5 to 7.0 km/s for the Calabrian domain and the domain C rather than the 6.5 to 7.2 km/s for the Sicilian).
These observations are relevant for the interpretation of the origin of the basin and the identification of the major structures that limit the sedimentary basin on both sides. As discussed in the sections below, the high P-wave velocity unit (⩾ 5 km thick) is interpreted to consist of Mesozoic carbonates. This layer is absent on the northern profile and therefore we conclude the deep asymmetrical basin opened in the Cenozoic. We propose that the basin was formed during the opening of the Messina Strait, between the Peloritan and the Calabrian terranes that are known to be diverging from GPS observations as well as major normal faulting earthquakes (Palano et al., 2012; 2017) . While the Peloritan continental domain collides with the Nubian Sicily domain and therefore is locked, the Calabrian backstop is still free to continue its way to the south-east during slab roll-back. In between, a transtensional upper-plate basin opens following the thinning of the crust. In this hypothesis the edge of the Calabrian domain is interpreted as a major transtensional fault. This fault bounds the asymmetrical basin that formed in recent times.
The position of the oceanic crust that is subducting on the northern velocity profile is not constrained by our data. Two hypotheses can be proposed: the oceanic crust is already deep under the Calabrian backstop and a mantle layer separates them. In this hypothesis the WAS method could not reach the oceanic slab. The second hypothesis is that the oceanic crust cannot be observed in the velocity model because it cannot be resolved by our data set on the deeper eastern part. It may be located directly below the thin continental crust of the Calabrian block. But no evidence of such transition was found in our OBS data.
Interpretation of profile DYP1
Along the southern DYP1 profile, the velocities and thickness of the sedimentary cover are more variable than along the northern profile. Along the Sicilian-Hyblean margin (domain E) two sedimentary layers are characterized by relatively high sediment velocities Gallais et al., 2011; Polonia et al., 2011; 2016) . This layer presents a discontinuity in terms of seismic velocities with a low-velocity zone between 117 km and 210 km of model offset. This zone is characterized by velocities similar to those found in the shallow sedimentary layers of the northern profile. We conclude that the pre-Messinian, clastic accretionary inner-wedge (without high-velocity evaporites) is indenting the post-Messinian evaporitic wedge (Figure 1) as suggested by an earlier study (Gutscher   et al., 2016) . This interpretation of the WAS model is in good agreement with other geophysical data interpretations. For example, it is supported by the precedent analysis of the Messinian evaporite extent in the basin using seismic reflection data (Gallais et al., 2012) .
This indentation may also be correlated to observations in swath bathymetric data, such as several "slip-lines" that propagate through the post-Messinian wedge and originate from the southern termination of the AFS (Gutscher et al., 2017) . Otherwise, the thickness of the evaporite layer increases from the foot of the Malta Escarpment and thins abruptly along the AFS at 117 km of offset along the profile. This observation indicates that the indentation postdates the formation of the Messinian evaporitic wedge. Also on its western edge, the indentation seems to follow the AFS that probably acts as an inherited structure.
The deepest sedimentary layer has velocities similar to those of the evaporitic layer.
However, the high velocities may be related to the nature of this layer and the compaction under the high overburden of 5 -7 km of the upper sediments. Concerning its nature, as observed in previous studies, the velocities and velocity gradients of this layer are relatively difficult to model because of the overlying high-velocity evaporite layer and the velocity inversion (Makris et al., 1986; de Voogd et al., 1992; Nicolich et al., 2000) . A comparison to existing reflection seismic studies shows that the corresponding seismic reflection facies is characterized by well-stratified reflections typical for sediments (Figure 10) (Catalano et al.,   2001; Polonia et al., 2011; 2016) . According to the MCS data this deep sedimentary layer seems to have been disturbed by the construction of the accretionary wedge.
The Sicilian crust (domain E of DYP1) is about 25 -26 km thick and separated into two layers with velocities and velocity gradients characteristic for continental crust (Figure 7 E) .
This region belongs to the Hyblean plateau of the African plate and is similar to domain A of the northern profile DYP3. Direct comparison of both domains reveals that the lower-crust of the northern profile is thicker than on the southern profile. This observation is probably related to the proximity of the Gela Nape thrust front on the northern DYP3 profile (Valenti   et al., 2015) . The deep structure of the Malta Escarpment (domain F) shows a similar width and geometry on both profiles, indicating that the margin has undergone a similar tectonic history in the north and south (Figure 7 F) . We propose that it is a transition zone formed by the opening of a transform margin, (see part 6.3)
The 8 -10 km thick crust at the foot of the slope (domain G) is interpreted as a transitional crust that is more likely a thinned continental crust than a purely oceanic one.
While the thickness might correspond to a thick oceanic crustal origin, the low velocity gradients and the division into two layers of equal thickness support a thinned continental affinity (Figure 7, domain G) . However, the possibility of a thick oceanic crust at this location cannot be excluded. In this case, the crust could have been produced at the beginning of the oceanization of the basin, under thermal conditions that were different than for the rest of the profile. Our preferred interpretation is that domain G is underlain by thinned continental crust that was formed during the transform opening of the basin (Figure 7) . This hypothesis is supported by the proximity of the Alfeo seamount which is known to have a continental origin, because shallow-water carbonate sediments, similar to those of the Hyblean continental plateau, have been dredged here (Rossi and Borsetti, 1977) . Dean et al., 2000, Prada et al., 2014) shows that velocities here are untypical for both of these crustal types (Figure 7, domain H) . The crust is slightly thinner than Atlantic type oceanic crust and the velocities are slightly higher, especially the upper crustal layer. This might be related to its old age and compaction due to the thick overlying sedimentary layers. Otherwise, this could indicate that some peridotites have been incorporated into the crust probably at its formation, as can be observed at slow spreading ridges (Cannat, 1993; Sauter et al., 2013) . The last hypothesis is in good agreement with earlier interpretations (D'Alessandro et al., 2016; Polonia et al., 2017) , however, the diapiric structures presented in this latter study do not correspond to velocity anomalies along our profile, nor structures observed in the OBS data. Finally, the narrow transition zone between thinned continental crust and the oceanic domains corresponds to a deep expression of the AFS that seems to affect the entire crust (Nicolich et al., 2000) . Altough the Moho depth and upper mantle velocities are less well constrained than the sedimentary and crustal structures, this part of the model is constrained by Pn and PmP arrivals (Figure 9 ).
Comparison with other continental margins
To understand the origin of the Malta Escarpment and the Ionian basin, it is interesting to compare the deep structure of the eastern Sicily margin to other continental margins, formed by orthogonal rifting and oblique/transform rifting (Figure 11) . Transform margins are mostly characterized by a narrow ocean-continent transition zone (OCT) and a short necking zone, on the order of 50 -100 km, leading to a steep Moho inclination (Mercier de Lépinay et al., 2016 and references therein) (Figure 11 C-D) . The zone over which crustal thinning occurs, is about 50 km wide for the Demerara plateau in Guyana and 60 km in the Gulf of Cadiz (Greenroyd et al., 2008; Sallares et al., 2011) . Moreover transform margins typically have a steep bathymetry with a strong continental slope angle (Mercier de Lépinay   et al., 2016) . On the contrary, orthogonal margins are characterized by a gentle continental slope and an OCT up to several hundreds of kilometers wide. For comparison the width of the crustal necking zone of the conjugate margin pair of Nova Scotia and Morocco is 150 to 250 km (Figure 11 A-B) (Funck et al., 2004; Biari et al., 2015) .
Both final velocity models from our study, (Figure 11 E-F) image a steep continental slope (13.2°) along the Malta Escarpment, which is also observed in the bathymetric data.
The main thinning of the continental crust takes place over a short distance of about 50 km, although on the northern profile oceanization never sets in because it was already being subducted and cut by the Calabrian backstop. This leads us to conclude that the deep structure of the Malta Escarpment is an abrupt crustal necking zone and in comparison to other margins, the Eastern Sicily margin exhibits the typical characteristics of transform margins.
This conclusion has geodynamic implications concerning the mechanism of the formation of the Ionian basin and leads us to propose that the basin was formed in a transform margin setting during the Early Mesozoic as was proposed earlier (Frizon de Lamotte et al., 2011;   Gallais et al., 2011) . In this iterpretation the Apulian Escarpment cannot be considered as a conjugate margin of the Malta Escarpment.
Location of the proposed STEP fault
The most probable location for the major lithospheric tear (or STEP) fault can be deduced from the velocity models, as this major fault will affect the entire crust reaching into the upper mantle. The STEP fault in the Ionian basin has been active since the last 8 -10 Ma (Gallais et al., 2013; Polonia et al., 2016) . The sense of motion along the STEP fault has to be normal in the southern part of the basin, due to the collapse of the subducting plate, and strike-slip motion will occur additionally to the normal one in the northern part because of the upper plate advance in response to slab-roll back (Gallais et al., 2013) . For these reasons, three hypotheses prevail for the STEP fault location: the Malta Escarpment (Argnani and Bonazzi 2005), the AFS (Gutscher et al., 2016) and the IFS (Polonia et al., 2016) . Our two velocity models trend perpendicular to the three structures and thus allow us to verify to what extent the structures affect the crust.
The first hypothesis places the STEP fault along the foot of the Malta Escarpment © 2018 American Geophysical Union. All rights reserved. because it is the major bathymetric feature and active normal faults were observed at its foot (Argnani and Bonazzi 2005) . According to our study, the Malta escarpment affects the crust, which thins from 29 km to only 8 km. However, as explained above, this structure is mainly inherited from the original margin formation in the early Mesozoic. Previous studies conclude that the activity along the escarpment is mostly normal and is closely related to its own collapse (Torelli et al., 1998) and in the northern part to the collapse of the eastern flank of the Mount Etna. Moreover, the presence of a thinned continental domain observed at the foot of the escarpment (domain G) cannot be explained without invoking a major deformation zone with a crustal expression, which is observed at the AFS. This is why the second hypothesis places the tear fault along the AFS. Along this deformation structure, the faulting is mainly normal in the southern part of the basin developing a shear component closer to the backstop boundary in the north, as was observed in bathymetry and shallow seismic reflection profiles (Gallais et al., 2013; Gutscher et al., 2016) . The final velocity model DYP1 images a lateral change of sedimentary velocities as well as the transition from thinned continental crust to oceanic crust at the location the AFS.
The indentation caused by the advance of the clastic inner wedge through the evaporitic wedge coincides with the transition between the thinned continental and the oceanic crustal domains. Moreover, this structure affects the crust down to Moho depth in the southern velocity model, as also observed in reflection seismic data (Nicolich et al., 2000) .
The third hypothesis proposes that the location of the STEP fault trends along the IFS.
On the southern DYP1 velocity model the oceanic crust present throughout the eastern portion of the profile does not appear to be disturbed (thinned or thickened) at the location of the IFS. A decrease of the upper-crust over lower-crust thicknesses ratio is observed, but the resolution of the model at this location is poorer than for the rest of the profile. Although the STEP fault is more difficult to identify along the northern DYP3 profile, a major fault at the flank of the Calabrian continental domain can explain the deep and asymmetric sedimentary basin observed along the profile. This structure appears to correspond closely to the deep expression of the IFS in its northern part. It seems logical to place the STEP fault along this major structure at the location of the northern velocity model because of its crustal expression and already known associated faults (Polonia et al., 2011, 2016) . However, if the STEP fault location is along the IFS, then the margin observed in the north wolud be the same as the undeformed margin observed in the south, especially domains C and G should be similar (Figure 12 B2) . The Calabrian backstop in response to slabroll-back advances towards the south-east and comes from behind the cross section. As the oceanic domain is subducted, a new limit along the ancient OCT is created. It is important to notice that the thick layer of high-velocity sediments should be observed in the northern velocity model similarly to the southern model, and that the asymmetry of the basin is more difficult to explain in such a scenario.
The observations drawn from the velocity models of this study include: 1) the deep structure of the Malta Escarpment is different on both profiles, especially in domain C and G, 2) the deep high-velocity sedimentary layer is absent on the northern profile, 3) the thinned continental crust found at the bottom of the domain C shows a greater affinity to the Calabrian backstop than the Sicilian one. Therefore, we propose that the IFS results from the opening of the deep asymmetrical sedimentary basin that found its origin in the collision of the Peloritan with Nubian Sicily and its separation of the Calabrian block (Figure 12 B1) . We propose that the thinned continental crust observed on domain C belongs to the Calabrian-Peloritan domains. The limit observed at 20 km of model offset in the northern velocity model is in good agreement with this hypothesis, where the thinned continental domain of the Calabrian-Peloritan terranes collide with the Sicilian one. In this case, the most probable location for the STEP fault on both velocity models is the AFS as was previously proposed (Gallais et al., 2013; Gutscher et al., 2016) . The STEP fault on the northern velocity model is placed at 20 to 30 km of model offset. In this hypothesis the structure limits the Sicilian Nubian domain to the west and the Peloritan-Calabrian thinned continental domain to the east.
Finally, this hypothesis is in good agreement with onshore observations as the prolongation of the AFS follows the geological transition of the Taormina line that limits the Nubian plate and the Peloritan continental block. Moreover, the presence of Mount Etna along this direction, and the geochemical nature of its extrusive volcanic rocks, that indicates a deep-mantle origin of the volcano, also support this location for the STEP fault (Schiano et   al., 2001) .
Conclusions
The WAS data acquired during the DIONYSUS survey image the deep structure of the Ionian basin and the Eastern Sicily margin. The crust observed in the deeper parts of the basin (DYP1) has strong similarities in terms of velocities and gradients with an oceanic-type crust. But the hypothesis of a peridotites intruded oceanic crust or partially serpentinized upper mantle cannot be excluded. The Malta Escarpment is imaged as a zone of abrupt crustal thinning extending 50 -60 km further east of its bathymetric expression. As its structure is highly similar to other transform margins it likely represents a remnant of a transform margin that formed during the Early Mesozoic. According to our results and preceding works in the area, we believe that the Ionian basin can be considered as a remnant of the Neo-Tethys ocean.
Concerning the recent geodynamic history of the basin and especially the lithospheric tear fault location, we favor the hypothesis that the STEP fault following the trend of the AFS rather than the Malta-Escarpment or the IFS. This conclusion is based on several arguments that correspond to earlier results corroborated by the new velocity models. The first argument concerns the southern profile DYP1, where the AFS affects the crust down to the crustmantle boundary and is located along a transition between a thinned continental domain and an oceanic one. Also, according to recent MCS data, the AFS is still active today with normal to transcurrent motion along its southern extension and dextral strike-slip motion to the north (Gallais et al., 2013; Gutscher et al., 2016 with high resolution seismic profiles). The second is that, on the contrary, the IFS does not affect the crust in our velocity model, even if it is an active structure close to the Calabrian block. Finally, the Malta escarpment affects the crust but does not seem to be an active strike-slip tectonic feature, as its faults correspond to a normal motion that can be related to its own collapse. Our conclusions for the tear fault location in the northern profile is that this recent structure is probably superposed to the ancient structure of the Malta escarpment. The location of the subducting slab along the northern profile remains an open question that will be explored in the future using a 3D gravity modeling.
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